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Suppression of magnetostructural transition on GdSiGe thin film after
thermal cyclings
Abstract
The influence of thermal cycling on the microstructure, magnetic phase transition and magnetic entropy
change of a Gd5Si1.3Ge2.7 thin film up to 1000 cycles is investigated. The authors found that after 1000
cycles a strong reduction of the crystallographic phase responsible for the magnetostructural transition
(Orthorhombic II phase) occurs. This is attributed to chemical disorder, caused by the large number of
expansion/compression cycles that the Orthorhombic II phase undergoes across the magnetostructural
transition. The suppression of the magnetostructural transition corresponds to a drastic decrease of the thin
film magnetic entropy change. These results reveal the importance of studying the thermal/magnetic cycles
influence on magnetostructural transitions as they can damage a real-life device.
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In the lifetime of a magnetic refrigerator the materials are subjected to millions of thermal magnetic cycles, so it is of the utmost 
importance to predict the behavior of such materials when subjected to similar work conditions. Thus, in this work we 
investigated the influence of thermal cycling in the microstructure, magnetic phase transition and magnetic entropy change 
value of a Gd5Si1.3Ge2.7 thin film up to 450 cycles. The hysteresis area of the magnetization curves as a function of temperature, 
M(T), was found to decrease 16% with thermal cycling, due to an arresting of the O(II) phase caused by internal strain. Such 
phenomenon explains the ∆Sm behavior as a function of the number of cycles. The entropy change peak value (-∆Smmax) reaches 
an almost constant value, which is only 19% below the one obtained with the as-deposited sample (19%). This main result 
shows that the Gd5Si1.3Ge2.7 thin film is promising for micro-refrigerator technology, demonstrating a reliable performance over 
a large number of cycles.  
 
In the last decade there has been an increasing demand towards clean energy and energy efficient devices, which will 
replace the more polluting and less efficient ones, such as refrigeration systems running on gases that contribute to the 
greenhouse effect1. In this framework, magnetic refrigeration systems emerge as the most prominent candidates, since they are 
more efficient and are not considered harmful to the environment2–4. The magnetic refrigeration at room temperature is based 
on the magnetocaloric effect (MCE), which occurs in magnetic materials that exhibit a large magnetization change under the 
application of a magnetic field. They transform from a magnetically disordered state to an ordered state (at a temperature close 
to its critical temperature), and consequently large magnetic entropy changes occur. In recent years, techniques such as doping 
and thermal treatments have been used to enhance the magnetocaloric effect5–11. It is consensual that the magnetic materials 
undergoing first-order phase transitions are the ones exhibiting larger MCE, which is a key-parameter for their application in 
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refrigeration systems. The Gd5(SixGe1-x)4, La(FexSi1-x)13, MnP1-xAsx, compounds belong to the group of first-order magnetic 
materials that exhibit a giant magnetocaloric effect (GMCE)5,7,12–16. However one drawback of these compounds is that their  
physical properties  change when subjected to magnetic/thermal cycling16,17. One of these changes is related to their MCE and 
in particular its magnitude during the cycling process, which is crucial for the magnetic refrigerator’s performance. In magnetic 
refrigeration many parameters can influence the performance of these systems over time. For instance, for LaFe11.6Si1.4 it has 
been shown that an increase of the magnetic field promoted the reduction of thermal hysteresis upon increasing temperature16. 
The authors associated this result to the presence of a first order magnetic transition that includes metastable states in addition 
to thermal equilibrium states. Also, properties such as electrical resistance18–21, thermopower22 and specific heat23 have been 
reported as dependent of thermal cycling on Gd5(SixGe1-x)4 alloys. However, all studies performed on these compounds have 
been focused in the bulk form or in micrometric scale samples. Nowadays, the interest on the study of MCE in materials with 
reduced dimensions has been growing considerably, driven by the prospect of producing miniaturized devices, from micro-
refrigerators to magnetic/pressure/temperature sensors24–27.  Additionally, MC thin films  will be readily adapted to integrate 
micro-magnetocaloric processes inside  micro-electronic circuits, for example28, because of their  advantageous higher  surface 
to volume ratio. Therefore, it is important to understand the behavior of magnetocaloric materials at the nanoscale when they 
undergo a large number of thermal cycles, simulating its operation in a refrigeration system23. The aim of this work is to report 
the effect of consecutive thermal cycles on the microstructure, magnetization and magnetic entropy changes of a Gd5Si1.3Ge2.7 
thin film. 
The details of the preparation of a Gd5Si1.3Ge2.7 thin film on a SiO2-covered Si substrate using femtosecond pulsed laser 
ablation were described in Ref.[25]. The thermal cycling was performed by immersing the Gd5Si1.3Ge2.7 thin film (area=8.2 
mm2, thickness 763 ± 25 nm) in a liquid nitrogen bath. In each cycle, the film was immersed for 60 seconds in order to ensure 
thermal equilibrium with the bath and afterwards it was removed immediately. This cycle was repeated 450 times and between 
consecutive dips the sample rested at room temperature during 60 seconds. Scanning Electron Microscopy (SEM) was used to 
evaluate the microstructure of the thin film before starting cycling and after 50 and 450 thermal cycles. Magnetic measurements 
were also performed before cycling and after 50, 200, 250 and 450 cycles in a commercial (Quantum Design MPMS-5S) 
Superconducting Quantum Interference Device (SQUID) magnetometer. The magnetic measurements performed were 
isothermal M(H) curves up to 50 kOe. The magnetic entropy changes [-∆Sm(T)] were estimated through the application of the 
Maxwell relation29. Temperature dependence of magnetization was measured before cycling and after the last cycle.  
Fig. 1 shows the scanning electron micrographs of the top view of the thin film, obtained for the same specific region 
before cycling and after 50 and 450 cycles. From Fig. 1 a1) - c1), it is observed that the micromorphology of the thin film 
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presents a clustering of spherical particles that remains unaltered during the thermal cycling. This is patent when performing 
the size histogram and using a Lorentzian function, where similar mean sizes of 108 nm before cycling, and 112 nm after 50 
and 450 cycles are obtained , Fig. 1 a2) – c2), within the error. The major change is on the Full Width at Half Maximum 
(FWHM) of the distribution that decreases with the cycling, showing a narrower size distribution.  
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FIG. 1 – Scanning electron micrographs: (a1) before thermal cycling; (b1) after 50 thermal cycles and (c1) after 450 thermal cycles; and 
the corresponding histograms (a2, b2 and c2).  
 
The thin film magnetization behavior as a function of temperature, before and after thermal cycles, is shown in Fig. 2a. 
It can be observed that the Gd5Si1.3Ge2.7 thin film exhibits two magnetic transitions 10,25,30. At T~249 K a magnetic transition 
occurs, corresponding to a pure paramagnetic to ferromagnetic second order transition (orthorhombic O(I) crystal structure is 
retained). At lower temperature, T~197 K, a structural and a magnetic transition occur simultaneously (magnetostructural 
transition) from an orthorhombic O(II) - paramagnetic to an orthorhombic O(I) - ferromagnetic phase. Furthermore, in this 
first-order transition, thermal hysteresis is observed, where the transition temperatures for heating and cooling are ~197 K and 
~187 K, respectively7,30.  
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FIG. 2 – a) Magnetization as a function of temperature for the Gd5Si1.3Ge2.7 thin film before and after 450 thermal cycles in cooling and 
heating with a field of 1000 Oe; b) X-ray diffractograms of the samples: before cycling (green line) and after 450 cycles (blue line). The 
peaks marked with [*] correspond to the O(I) Gd5Si4 -like structure and the ones marked with [+] correspond to O(II)  Gd5Ge4 -like 
structure.  
 
After 450 cycles, the magnetization curves as a function of temperature, M(T), exhibit a similar behavior as the as-
deposited thin film, (Fig. 2a) overlapping in the [210-300] K temperature range. The thermal cycling does not seem to affect 
the second-order transition that occurs at 249 K. The major difference arises at lower temperatures (~197 K on heating) because 
thermal cycling causes a decrease in the amount of phase that undergoes the magnetostructural transition (~ 16% hysteresis 
area reduction). This statement is confirmed by the M(H) loops (not shown here) obtained at same temperature leading to a 
21% decrease of  the magnetic hysteresis.  Such decrease is an indication that thermal cycling is mainly actuating on the 
magnetostructural transition. In order to study the atomic structure, XRD analysis was carried out at room temperature (Fig. 
2b). The XRD patterns show peaks corresponding to the O(I) phase (Gd5Si4)31 and O(II) phase (Gd5Ge4)32 identified with “*” 
and “+”, respectively. Upon comparison, it is observed that the peaks corresponding to the O(I) phase remain similar after 
cycling (reflection (1 3 2) at 32º). However, for the O(II) phase peaks, such as 37º - (3 1 1) - and 62º - (1 6 4), their intensities 
are clearly reduced after 450 cycles. This corroborates the hypothesis of O(II) phase loss, as suggested by the magnetization 
results.  
The saturation moments (μS) were calculated from the magnetization curves at 5 K considering the Gd5Si1.3Ge2.7 bulk 
density (7.7 g.cm-3)7. The estimated values for the sample before and after 450 cycles are 6.2 ± 0.5 and 6.7 ± 0.5 μB, respectively. 
These values are close to the theoretical 7 μB saturation magnetic moment of pure Gd3+ ions7.  
The magnetic entropy variation was estimated by integrating the Maxwell relation on the M(H) curves for before and after 
50, 200, 250 and 450 cycles, as is shown in Fig. 3a). For all curves the peak value of the magnetic entropy change, -∆Smmax, 
a) b) 
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occur around the same temperature, T ~192.5 K, as a consequence of the magnetostructural transition occurring at this constant 
temperature25.  Concerning the dependence of  ΔSm magnitude as a function of the number of cycles,  before cycling, the thin 
film has a maximum magnetic entropy change -∆Smmax ~ 64 mJK-1cm-3, then decreases after 50, 200 and 250 cycles by 10% 
(58 mJK-1cm-3), 15% (55 mJK-1cm-3) and 17% (53 mJK-1cm-3), respectively. At the end of the 450 cycles, a 19% reduction of 
the -∆Smmax value was observed (~52 mJK-1cm-1).  
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FIG. 3 – a) Magnetic entropy change in the [171-220] K temperature range of the Gd5Si1.3Ge2.7 thin film before cycling (green squares), after 
50 cycles (orange circles), after 200 cycles (black squares), 250 cycles (violet rhombi) and 450 cycles (blue circles) under an applied magnetic 
field change of ∆H=50 kOe; b) Representation of the magnetic entropy change peak value as a function of the number of cycles. Inset: Linear 
regression fit of the magnetic entropy change as a function of the inverse number of cycles. 
 
This observed behavior is again an indication of changes on the first order transition during thermal cycling since  a decrease 
in hysteresis of the magnetization curves was detected [M(T) decreases in 16%] as well as on the isothermal magnetization 
curves, M(H), where a 21% decrease of the hysteresis area (at T=194 K) was detected (not-shown). By plotting ΔSm vs 
1/”number of cycles” (Inset of Fig. 3b)), a linear behavior is observed which allows estimating the limit of ΔSm at an infinite 
number of cycles: the value is approximately 52 mJK-1cm-3, i.e. when the number of the cycles tends to infinity the ΔSm peak 
value will not decrease below the 52 mJK-1cm-3 and thus the minimum limit of ΔSm is achieved during the cycles. Also the 
refrigerant capacity, RCPFWHM is decreasing with the number of cycles, with a maximum variation for 450 cycles 
(RCPFWHM Before Cycling=1239 mJ/cm3; RCPFWHM After 450 Cycling=1127 mJ/cm3).  
Analysing the obtained results, namely magnetic, structural and morphological, it is clear that the thermal cycling is playing an 
important role on driving the structural transition. This is evident on the magnetization curves, M(T)s - (Fig. 2a), because of 
the systematic decrease in the hysteresis area. In these materials, the structural transition induces an abrupt volume change 
(1.2%), where  the smallest volume phase stabilizes at lower temperatures, i.e., [V(O(I)) < V(O(II))] 25. During the cooling 
a) b) 
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process the appearance of free space due to the contraction of the unit cells is expected, thus releasing internal strain that can 
be formed during the thin film growth. For the reverse process, i.e. during heating, a significant increase in the unit cell volume 
will lead to a stress increase arising from the volume cell expansion, thus originating the arrest of the structural transition. In 
fact, this mechanism has been referenced several times for the bulk materials to explain changes in their properties, namely 
morphological, magnetic and transport21. Also the same explanation was used for other family of systems showing drastic 
volume changes25. In the R5(Si,Ge)4 family of bulk compounds, we highlight the works from Casanova and co-authors and 
Perez and co-authors which demonstrate that the metastability, responsible for the thermal hysteresis, is reduced when the 
number of thermal cycles increases23,33. Furthermore, a previous study on the electrical resistivity behavior has also shown a 
thermal hysteresis area reduction as the number of cycles for Gd5(Si0.1Ge0.9)4 20,21 increases:  the number of defects,  the spin 
disorder, domain reorientation or the preferential Si/Ge sites were assigned as the major causes leading to the metastability 
reduction. The local behavior of the magnetic relaxation (across the field increase and decrease) of the Gd5Ge4 first-order 
transition has also been investigated34. It was concluded that the transition at lower temperatures is arrested and a metastable 
equilibrium (disorder-influenced first order transition) is obtained, leading to a significant decrease of magnetic relaxation. On 
the other hand, at high temperatures, only a very slight decrease was observed due to a faster process towards the metastable 
equilibrium. At these temperatures the activation over the excitation strain energy barriers is facilitated34–36. In fact, the system 
tends to the equilibrium in a faster and more homogeneous way, i.e. tends to reduce the dissipated energy and therefore to 
reduce the hysteresis33. On other systems exhibiting a magnetostructural transition, such as Ni54.3Mn20.1Ga25.6 alloys17, a 
decrease of the magnetic moment with the number of cycles was also detected and associated with an arrest of the small volume 
phase (the austenite phase in this case) after many cycles which was caused by its local strain. This phenomenon is also extended 
to La(Fe,Si)13 family of compounds were a decrease of the MCE in a few cycles was observed in the bulk form27.  
 Therefore, we believe that the strain that is released during the cycles due to the cycling and current flow is responsible for the 
decrease of the entropy during the thermal cycling and promotes the stabilization after a few cycles. In terms of industrial 
impact, in fact there is a 19% reduction in the thin film performance after a 450 cycles. Considering that a normal cooling 
system performs 1.3 million magnetostructural transition cycles during its life time (15 years), the fact that its performance will 
stabilize at the end of the first 7.5 minutes of life (considering a 1 Hz operating frequency) represents encouraging news. 
In summary, with this work we report the effects of thermal cycling on a Gd5Si1.3Ge2.7 thin film properties. The magnetization 
and structural investigation in this thin film showed a decrease of the O(II) phase. As observed in bulk materials, this phase is 
arrested due to the strong strain fields that are created after consecutive magnetostructural transitions. With the thermal cycling, 
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the magnetostructural transition contribution in this material was reduced by 16% and consequently the magnetocaloric effect 
was also reduced by 19%. In the future, studies using acoustic emission may be useful to better understand these results, in 
particular for the investigation of the kinetics of the structural transition and the phase evolution of this thin film.  
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